Abstract: Marinellite, [(Na,K) 42 Ca 6 ](Si 36 Al 36 O 144 )(SO 4 ) 8 Cl 2 ·6H 2 O, cell parameters a = 12.880(2) Å, c = 31.761(6) Å, is a new feldspathoid belonging to the cancrinite-sodalite group. The crystal structure of a twinned crystal was preliminary refined in space group P31c, but space group P62c could also be possible. It was found near Sacrofano, Latium, Italy, associated with giuseppettite, sanidine, nepheline, haüyne, biotite, and kalsilite. It is anhedral, transparent, colourless with vitreous lustre, white streak and Mohs' hardness of 5.5. The mineral does not fluoresce, is brittle, has conchoidal fracture, and presents poor cleavage on {001}. D meas is 2.405 (5) The crystal structure of marinellite may be described as formed by the stacking along c of 12 layers containing six-membered rings of tetrahedra: the stacking sequence is ABCBCBACBCBC…, where A, B, and C represent the positions of the rings within the layers. Its structure consists of two liottite cages superimposed along [0, 0, z] and of columns of cancrinite and sodalite cages along [1/3, 2/3, z] and [2/3, 1/3, z]. Sulphate groups, surrounded by sodium, calcium and potassium cations, occupy the liottite cages. Chlorine anions and sulphate groups occupy the sodalite cages, whereas H 2 O molecules are located within the cancrinite cages, bonded to Na cations. This structural model was refined in the space group P31c, conventional R = 0.098 for 2155 reflections. The structural relationships between marinellite and tounkite are discussed.
The cancrinite-sodalite group of minerals
The minerals of the cancrinite-sodalite group are characterised by layers of six-membered rings of tetrahedra, each ring being linked to three rings in a preceding layer and to three rings in a succeeding one, giving rise to a three-dimensional framework. Following the notation of the close-packed structures, the three possible positions of these rings within the layers may be labelled as A, B and C. Therefore, the members of the group are built up by the stacking of A, B and C layers, without repetition of identical layers as neighbours. Formally, they belong to the so-called ABC-6 family of crystal structures (Gies et al., 1999) ; however, the condition that no repetition of identical layers occurs in the sequence differentiates these minerals from other members of the family, including offretite, erionite, levyne, gmelinite, chabazite, and several other synthetic zeolites.
According to the stacking sequence, three "subgroups" of minerals may be recognised. Several phases occur with the simplest sequences AB... and ABC..., corresponding to the subgroups known as "cancrinite group" and "sodalite group", respectively, whereas the third subgroup includes trigonal or hexagonal phases showing more complex stacking sequences of layers (Table 1) . The known minerals with complex sequences have 4, 6, 8, 10, 12, 16 , and 28 layers for c translation; moreover, domains showing 14, 18 and 24 layer sequences were observed in TEM images (Rinaldi & Wenk, 1979; Rinaldi, 1982) . All these phases with complex sequences were originally named "cancrinite-like" minerals by Leoni et al. (1979) , and later on, they were usually grouped together within the "cancrinite group". Such grouping is probably misleading, even because the minerals really belonging to the "cancrinite group" (i.e. with AB-AB… stacking sequence) may display themselves supercells, as due to ordering of cations and/or anions within the framework. As a consequence of this somewhat ambiguous classification, minerals with complex stacking sequences such as afghanite, bystrite, franzinite, liottite, and giuseppettite, have been recently described (Gaines et al., 1997) as having a constant aluminosilicate framework and differing "only in the ordering of the cations outside the tetrahedral framework, which leads to the appearance of satellite reflections" (Gaines et al., 1997) . The scheme reported in Table 1 should clarify the relationships, as well as the differences, occurring among the minerals of the group. In this table, the chemical composition of channel, cages and framework is separately listed for the minerals of the cancrinite subgroup (AB… sequence), whereas the content of the cages is separated from the framework in the minerals belonging to the sodalite subgroup (ABC… sequence).
Occurrence of marinellite
The interest in feldspathoids belonging to the cancrinite-sodalite group induced us to look for crystals of giuseppettite in an ejected volcanic block from Sacrofano, Biacchella
Valley, Latium (Italy), kindly given us by the collector L. Liotti. The specimen is holocrystalline, with crystal sizes of 1 to 2 mm; it represents the product of a syntexis between a trachytic magma and the evaporitic rocks (mainly gypsum and dolomite) that made up the walls of the vent of the magmatic reservoir. Besides giuseppettite, sanidine, nepheline, haüyne, biotite, and kalsilite, we found here another mineral, which revealed to be a new member of the cancrinite-sodalite group. The new mineral was named marinellite, in memory of the late Prof. Giorgio Marinelli (1922 Marinelli ( -1993 . Calculations using the Gladstone-Dale relationships and the constant reported by Mandarino (1981) indicate superior compatibility: 1 -(Kp/Kc) = -0.014.
Chemical data
The chemical analysis of marinellite was carried out by means of a wavelength dispersive ARL/SEMQ electron microprobe. Operating conditions were 15 kV as accelerating voltage and 20 nA as sample current; the beam diameter was 30 µm. Standards used were: Amelia albite (Si), AB microcline (K, Al), An70 anorthite (Ca), stechiometric baryte (S), blue sodalite (Na, Cl).
The following formula, recalculated on the basis of 72 (Si + Al), is derived from the chemical data reported in O, where the sum of the extra-framework cations and the number of the water molecules are derived on the basis of the structural data that are reported in a next paragraph.
X-ray diffraction study
Powder X-ray diffraction study
The X-ray powder pattern (Gandolfi technique, CuK radiation) of marinellite is reported in Table 3 . The indexing of the reflections was performed with the help of the calculated intensities, on the basis of the structural refinement. The following hexagonal unit-cell parameters were obtained by least squares refinement: a = 12.893(1) Å, b = 31.718(5) Å.
Structural determination and refinement
To determine the correct stacking sequence of marinellite, as well as the cationic distribution within its structural cages, an X-ray diffraction data collection was carried out. A colourless transparent crystal (0.2 x 0.2 x 0.3 mm 3 ) was mounted on a Siemens P4 four-circle automated diffractometer, using graphite-monochromatized MoKa radiation. The following hexagonal unit cell was obtained through leastsquare refinements of 25 reflections with 20°< < 25°: a = 12.880(2) Å, c = 31.761(6) Å. Intensity data were collected in -scan mode up to a 2q value of 60°, and a total of 9544 reflections were measured. Laue symmetry and systematic absences pointed to P6 3 /mmc, P6 3 mc or P62c as possible space groups. The absorption effects were empirically accounted for, on the basis of -scan measurements. Information concerning the data collection and refinement are listed in Table 4 . The structure was solved in the space group P6 3 /mmc through direct methods (SHELX-97 package; Sheldrick, 1997) . The resulting framework has an ABCBCBACBC-BC… stacking sequence of layers, where the labels A, B and C indicate the position of the six-membered rings within each layer. Following the modified Zhdanov notation (Zhdanov, 1945; Patterson & Kasper, 1959) , it may be conveniently described by the symbol |1(4)1|1(4)1|. The same sequence is described as (hhhccc) 2 in the Jagodzinski-Wykoff notation.
The occurrence of long-range ordering of Si and Al in the tetrahedral sites, in accordance with the Loewenstein rule, was recognised in all the structure refinements of the minerals of the group displaying a ratio Si/Al = 1. Such ordering probably occurs also in marinellite; anyway it cannot be realised in the space group P6 3 /mmc. The maximal non-isomorphic subgroup of P6 3 /mmc that allows the alternation of Si and Al in the tetrahedral sites is P62c but further reductions of symmetry may result due to the ordering of the extra-framework ions.
The structural refinement (by means of the SHELX-97 package; Sheldrick, 1997) , assuming a perfect ordering of Si and Al within the tetrahedral sites, was performed both in the space group P62c and P31c, in accordance with the indications of the observed systematic absences. In both cases, 4511 unique reflections with R int = 0.11 were used for the refinement of 132 and 247 parameters, respectively. In the space group P31c refinement, the displacement parameters of pseudo-symmetrical framework atoms were constrained to be equal, to avoid correlations among parameters and to reduce the number of variables. The former refinement converged to conventional R = 0.189 for 2155 reflections with F o > 4 (F o ). On the other side, the structural refinement in the space group P31c (assuming the occurrence of a merohedral twinning, with (001) as twin law, and refined twin fraction 0.50(1)), converged to R = 0.098 for the same reflections. The Hamilton test (Hamilton, 1965) indicates that the hypothesis for which the correct space group is P62c can be strongly rejected, as it is under the 0.5% significance level.
The average T-O distances obtained in the P31c refinement are 1.63(3) and 1.71(3) Å for Si-centred and Al-centred tetrahedra, respectively, whereas the same averages in the P62c space group gave 1.65(6) and 1.68(6) Å. The numbers in parentheses refer in both the cases to the dispersion of the observed values. It is worth to note that the dispersion of the observed values is much higher in P62c than in P31c. In the space group P62c, the <Si-O> and <Al-O> distances agree each other within their standard deviations, in contrast with the crystal-chemistry of this group of mineral. Such incongruity disappears if the refinement is carried out in the space group P31c.
The decreasing of symmetry from P62c to P31c appears as due mainly to the ordering of sulphate groups and chlo- (2) rine anions within the sodalite cages. In the space group P62c, in fact, the four sodalite cages occurring in the unit cell of marinellite are all symmetry equivalent, and the structural refinement in that space group implies a statistical distribution of sulphate groups and chlorine anions within these cages (the chemical analysis points to the occurrence of 2.12 (SO 4 ) and 1.62 Cl in the four sodalite cages). The ordering of these two different anions within the four cages is possible in the space group P31c, where the symmetry plane at z = 1/4 does not occur. The hexagonal Laue symmetry, on the other part, could be due to the occurrence of the twinning plane (001). The structure refinement in the space group P31c supports this conclusion. In fact, the examination of the F map pointed to the occurrence of several electron density maxima in two of the sodalite cages, resembling a sulphate group (S4) in two possible orientations (up and down, respectively), and of a unique large maximum in each of the other two cages, corresponding to a chlorine anion (Cl5). Taking into account these results and the general improvement of the refinement in the space group P31c, as indicated by the significantly lower conventional R factor as well as by the better average tetrahedral distances and displacement parameters, we suggest that the space group of marinellite is P31c, and that the observed hexagonal Laue symmetry is due to the (001) twinning. Anyway, the complexity of the examined structure, the occurrence of twinning and positional disorder, and the consequent relatively high standard deviations obtained for the structural parameters require further investigations in order to obtain a definite conclusion about the correct space group.
In both the refinements it was not possible to refine contemporary the position and displacement parameters of some oxygen atoms belonging to the sulphate groups. The displacement parameters of these atoms were held fixed, and the positions of some of them were restrained to give reasonable S-O distances. The distribution of the cations is extremely complex, with splitting of the cationic sites, as commonly observed in this kind of minerals. In some cases it was possible to attribute a well definite cationic content to 2.70(3) Na1-O1 2.64(5) Na2-O1O 2.56(2) Na4b-O11 2.34(2) x 3 K1-O6 2.98(4) Na1-O6 2.68(5) Na2-O8 2.62(3) Na4b-O10 2.91(1) x 3 Na1-O2 2.87(4) Na2-O9 2.88 (3) K2-O12 2.90(1) Na1b-O5 2.23(3) Na3-O2b 2.36(3) Na5-O11b 2.5O(2) x 3 K2-O5b 2.91(2) Na1b-O6 2.41(4) Na3-O10b 2.48(2) K2-O6b 2.94(3) Na1b-O3b 2.51(2) Na3-O6b 2.56(4) NaSb-O11b 2.31(2) x 3 K2-O9b 2.94(2) Na1b-O1 2.72(4) Na3-O1b 2.63(4) NaSb-O10b 2.92(1) x 3 K2-O8b 2.98(3) Na1b-O10 2.95(2) Na3-O5b 2.80(3) Na1b-O2 2.98(3) Na3-O3 2.95(2) Na6-O7 2.47(2) x 3 Na8-O4b 2.68(3) x 3 Na9-O2 2.28(3) Na9b-O2 2.54(4) Na6-O4 2.77(2) x 3 Na8-O7b 2.94(2) x 3 Na9-O7b 2.50(2) Na9b-O1b 2.65(5) Na9-O1 2.56(4) Na9b-O7b 2.70(2) Na6b-O7 2.63(3) x 3 NaBb-O4b 2.48(2) x 3 Na9-O1b 2.71(4) Na9b-O1 2.79(5) Na8b-O7b 2.83(2) x 3 Na9-O7 2.88(2) Na9b-O2b 2.94(4) Na7-O13 2.46(1) x 3 Na9-O2b 2.93(3) Na9b-O7 2.90(2) Na7-O12 2.95(1) x 3 Ca1-O3 2.46(2) x 3 Ca1b-O3 2.43(2) x 3 Na7b-O13 2.47(2) x 3 Ca1-O3b 2.77(2) x 3 Ca1b-O3b 2.82(2) x 3 each of the split sites: for example, the Na1 site is probably occupied by sodium cations, whereas the Na1b site hosts a calcium cation. In other cases, following the procedure described in the previous works on liottite (Ballirano et al., 1996) , afghanite (Ballirano et al., 1997) and franzinite (Ballirano et al., 2000) , we refined the occupancy of the split cationic sites (Ca1-Ca1b, Na9-Na9b) in terms of the scattering power of Ca; successively, we calculated the actual cationic content as percentages of Na and Ca cations, assuming the full occupancy of each set of split sites. A minor substitution of Na cation in the K2 site has been assumed, on the basis of the refined occupancy. The final positional and displacement parameters in space group P31c are reported in Table 5 , whereas selected bond distances are listed in Table 6 . For sake of clarity, the extra-framework cation-anion distances are reported near to the corresponding figures. The occupancies of all the extraframework sites are reported in Table 7 .
Description of the crystal structure
The marinellite framework shows an ordered distribution of Si and Al, as indicated by the average T-O distances, 1.63 and 
Cancrinite cages
The three symmetrically independent cancrinite cages are drawn in Fig. 2 . Two of them share a common base, whereas the third shares both its bases with two sodalite cages. All they host H 2 O molecules strongly bonded to one Na cation and weakly bonded to a second Na cation on the other side, in a similar way to what occurs in cancrinite (Jarchow, 1965) , vishnevite (Hassan & Grundy, 1984) , pitiglianoite (Merlino et al., 1991) , and franzinite (Ballirano et al., 2000) .
Sodalite cages
The two symmetrically independent sodalite cages are depicted in Fig. 3 . The results of the structural refinement in the space group P31c point to an ordering of (SO 4 ) 2-groups and Cl -anions within these cages, in a similar way to the ordering of (SO 4 ) 2-groups and H 2 O molecules in nosean (Hassan & Buseck, 1989) . The chlorine anion Cl5 is slightly displaced from the three-fold axis, towards the Na1 site; in this way, it forms two strong bonds with the sodium cations Na1 and Na8 (bond distances 2.68 Å and 2.91 Å, respectively). (400) and (0.0.24) reflections were marked for reference. In the enlarged views, (b) and (d), some noticeable differences in the intensity and shape of the reflections are outlined.
Liottite cage
The liottite cage (Fig. 4) contain three sulphate groups; one of them (S2) may statistically assume two different orientations. Three Na cations are located around each sulphate group. The Na cations around to the S1 group are distributed into two split sites, Na1 and Na1b. Such splitting may be due to the occurrence of the chlorine anion Cl5 into the neighbour sodalite cage, which may itself occupy three symmetrically equivalent positions. As regards the cationic sites located between the sulphate groups, they host mainly K cations and a minor fraction of Na cations (Table 7) . The atomic distribution inside the liottite cage closely resembles that occurring in liottite structure (Ballirano et al., 1996) .
Discussion
The minerals of the cancrinite-sodalite group display a more or less complex sequence of layers. As reported in Table 1 , many minerals have an ABAB… stacking sequence (cancrinite subgroup), and many others display the well known sequence ABC… (sodalite subgroup). Several other phases exist, which show more complex sequences of layers and, consequently, parameters c that are multiples of the basic c parameter of cancrinite. From a theoretical point of view, the number of possible ways of stacking layers greatly increases with the number N of the layers themselves (Patterson & Kasper, 1959) . However, up to now, phases having equal c parameters (and therefore equal number N of layers) but different stacking sequences were not found for N > 3, in the cancrinite-sodalite group. On the contrary, the mineral we studied has the same number of layers of tounkite (Ivanov et al., 1992) , as indicated by their similar c parameters, but a definitely different crystal structure. We guessed that by comparing the intensity of the (hkl) reflections of the two minerals, as the crystal structure of tounkite is yet unknown. This evaluation has been performed both on the powder patterns (Table 3) , and on (0kl) Weissenberg photographs (Fig.  5) , as well as on the whole set of intensity data, collected by us for both the minerals.
In Table 3 the Gandolfi pattern of marinellite is compared with both the Gandolfi pattern we collected from a crystal of tounkite (kindly given us by Dr. Saposhnikov, who formerly described the mineral; Ivanov et al., 1992) and the published powder pattern of tounkite (Ivanov et al., 1992) , respectively. In order to evaluate the intensities of both the Gandolfi patterns, and to compare them, the films were scanned and the data were transformed in a file containing I vs. 2 , by means of the program X-ray (Nguyen & Jeanloz, 1993) . Finally, the positions and the areas of the peaks were found through a fitting program. The differences between the first (marinellite) and the second (tounkite) couple of columns of Table 7 are remarkable.
The different intensities of the reflections are well detectable also in the (0kl) Weissenberg photographs, partially reported in Fig. 5 . Anyway, a definitive check was carried out by collecting the X-ray diffraction intensities from a single crystal of tounkite, through a conventional automated 4-circle diffractometer as well as in the X-ray Diffraction Beamline at the Elettra synchrotron facility. The latter collection was performed on a very small crystal, to avoid the possible occurrence of twinning or mixed phases. Any trial to refine the positional parameters of the marinellite-like framework using the collected tounkite intensity data failed, as the conventional reliability index R never decreased below 45%.
All these data indicated that the stacking sequences of layers in marinellite and tounkite are different. It is worth to note that the proposed space group of tounkite, P6 2 22 (Ivanov et al., 1992) , not only is incompatible with the stacking sequence that we determined for marinellite, but also with all the other 41 possible ordered sequences of 12 layers, having hexagonal or trigonal symmetry (Patterson & Kasper, 1959) .
Conclusions
Although the structural investigation on marinellite is still in progress, the reported preliminary results clearly indicate that the framework of marinellite is topologically different from those of all the other members of the cancrinite-sodalite group, giving rise to a different arrangement of structural cages. The framework of marinellite is composed by columns of liottite cages along [0, 0, z] and columns of sodalite and cancrinite cages along [1/3, 2/3, z] and [2/3, 1/3, z]. The distribution of the anions and cations within these cages is in agreement with the crystal chemistry of the cancrinite-sodalite group of minerals.
